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Abstract. The routine molecular test for spinal muscular atrophy (SMA) diagnosis is based on the detection of a homozygous
deletion of exons 7 and 8 of the telomeric copy of the survival motor neuron gene (SMN1). The presence of the centromeric
copy of the SMN gene (SMN2) does not allow the detection of the hemizygous absence of the SMN1 gene, which characterizes
the disease carriers. The demand for a quantitative SMN1 test is permanently growing because there is a high incidence of car-
riers. The disease is severe and to date there are no effective pharmacological treatments. Here, we present a non-radioactive
assay based on real time quantitative polymerase chain reaction. We analyzed eight SMA patients, 14 SMA relatives and 50
health individuals from Southern Italy by real time quantitative method in order to identify haploid deletion occurring in
SMA carriers. SMN1 copy number was determined by the comparative threshold cycle method (DDCt). The results confirmed
the deletion in all homozygous patients and permitted an evaluation of the number of alleles in the healthy carriers. This method
is fast, reproducible, and enables us to discriminate carriers from healthy homozygous, which is impossible with normal
techniques.
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1. Introduction

Autosomal recessive spinal muscular atrophy
(SMA) is a neuromuscular disorder caused by the
degeneration and loss of the alpha-motor neurons
and spinal cord anterior horn cells, which results in
symmetric proximal muscle weakness. Patients with
SMA were classified into four groups according to
age at onset and maximum motor function [1]. Type
I SMA is the most severe form (Werding-Hoffman

disease; MIM # 253300) with clinical onset before
6 mo of age; type II SMA (MIM # 253550) is the
intermediate form with onset before 18 mo of age;
type III SMA (Kugelberg-Welander disease; MIM
# 253400) is a mild form with onset after the age of
18 mo; and type IV SMA is the adult onset form.
The first three forms and most patients affected by
SMA IV are due to the homozygous absence of the
survival motor neuron gene (SMN1; MIM # 600354)
located in a complex region of chromosome 5q13
[2]: this region contains a homologous gene (SMN2;
MIM # 601627) differing in only five nucleotide
exchanges, two of them located within exon 7 and 8
respectively [3]. The base-pair exchange in exon 7
permits distinction between the SMN1 and SMN2
genes and this is used to detect homozygous deletion
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of SMN1 [4]. Childhood-onset SMA affects about
1:10,000 newborns, with a carrier frequency of 1:50
[5]. Because of this high frequency in healthy popula-
tion, it can be very important to identify carriers of
heterozygous deletions of the SMN1 gene. In order to
assess the gene copy number of the SMN1 gene, we
performed real time polymerase chain reaction (PCR)
using the comparative method of DDCt. This method
allowed us to discriminate SMN1 from SMN2, because
we used a probe able to anneal to SMN1 only. We
screened eight patients from six families of SMA
patients including the probands, their relatives and 50
normal controls.

2. Materials and methods

2.1. Patients

We investigated six probands and 14 relatives (12
parents and two sibs) and 50 normal controls. SMA
patients were previously diagnosed by amplification
of exon 7 followed by digestion with DraI [6] and
by denaturing high-performance liquid chromatogra-
phy analysis [7].

2.2. DNA extraction

High molecular weight DNA was extracted from
peripheral blood using a salting out method [8]. The
optical density at 260/280 method using a photometer
was used to determine the appropriate DNA con-
centration. DNA was diluted in 10mM Tris-HCl con-
taining 1mM EDTA buffer to a final concentration
of 6 ng/μL, stored at 4 °C and mixed immediately
before use.

2.3. Primers and probe

TaqManMGB probe and primers were designed using
the Primer Express software (Applied Biosystems,
Weiterstadt) following the criteria indicated in the

program. In order to amplify SMN1 and not SMN2,
we chose the probe showing the discriminating base
in the middle of the sequence. The probe uses minor
groove binder (MGB) technology (Applied Biosys-
tems); it has a 5’-fluor label (6 FAM) as a reporter
and a non-fluorescent quencher. The MGB group is
attached at the 3’ end with the quencher dye; when
the probe hybridizes, the MGB group stabilizes the
annealing by folding into the minor groove of the
DNA duplex created between probe and the target
sequence. This stabilization is much more effective
when the duplexes match perfectly: thermal stability
increases so that we can use TaqManMGB probes that
are very short compared to classical TaqMan probes.
Probe and primers sequences are listed in Table 1.
We used ribonuclease P (RNaseP) (Applied Biosystems)
as housekeeping gene.

2.4. Quantitative analysis

PCR was carried out in a 384-well optical plate
closed by adhesive cover using ABI Prism 7900
Sequence Detection System (Applied Biosystems)
with a final reaction volume of 20 µL. All samples, pre-
pared from the same master mix, were run in triplicate.
For the SMN assay, each well contained 5.4 ng of
DNA, 2x TaqMan PCR master mix (Applied Biosys-
tems), 200 nM probe SMN1-ex7, 300 nM each primer
and high-pressure liquid chromatography pure water.
In the TaqMan universal PCR master mix, there is a
passive reference dye (ROX) (ROX is a passive refer-
ence dye containing 5-carboxy-X-rhodamine) included
in the solution that does not engage in the reaction,
but provides an internal reference for background
fluorescence emission. This is used to normalize the
reporter dye signal. RNaseP reference locus assay
was prepared in parallel and in the same run; each
well contained 5.4 ng of DNA, 2 x PCR master
mix, 20x RNaseP and high-pressure liquid chromato-
graphy pure water. Thermal cycling conditions
included a pre-run of 2 min at 50 °C and 10 min at
95 °C; cycle conditions were 40 cycles at 95 °C for
15 sec and 60 °C for 1 min, according to the TaqMan

Table 1
Probe and primers sequences for survival motor neuron gene 1 -ex7

Survival motor neuron-PROBE MGBNFQ-5’FAM 5’-TGATTTTGTCTGAAACC-3’
Survival motor neuron gene 1 EX 7F 5’-GCTGGCAGACTTACTCCTTAATTTAA-3’
Survival motor neuron gene 1 EX 7R 5’-GTAAAATGTCTTGTGAAACAAAATGC-3’
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universal PCR protocol (Applied Biosystems); run
time was 1 h and 30 min.
The DDCt method required a healthy control sam-

ple (diploid) as calibrator in all amplifications.

2.5. Data analysis

Data evaluation was carried out using the ABI Prism
Detection Software and Microsoft Excel. Samples were
run in triplicate for SMN1 and RNaseP. The threshold
cycle number (Ct) was determined for all wells. The
Ct represents the cycle number (DRn) at which the fluor-
escence emission of the reporter dye passed a fixed
threshold. The threshold was automatically set at 10
standard deviations (SD) above the mean baseline emis-
sion. For all samples, including the calibrator, the same
threshold and baseline were set. The starting gene copy
number of the unknown samples was determined apply-
ing the following formula described by Livak in 1997:
DDCt = [Ct RNaseP (calibrator) − Ct SMN1 − 7 (cali-
brator)] − [Ct RNaseP (unknown) − Ct SMN1 − 7
(unknown)]. The relative gene copy number was calcu-
lated by the expression 2−DDCt.

3. Results

Before starting our experiment, we had to opti-
mize primers and probe concentrations. The optimal
concentration provides the lowest Ct value and the
highest increase in the fluorescence compared to
the background. The concentration of the primers
should be optimized by spanning an initial concen-
tration range of 50 nM−900 nM, with the concentra-
tion of probe in a range from 50 nM−250 nM. Our
results showed an optimal concentration of 200 nM
and 300 nM for SMN1-ex7 probe and each primer,
respectively.
To use the comparative method of DDCt, a valida-

tion experiment must be run to show that the amplifi-
cation efficiencies of the target and the endogenous
control are approximately equal. The absolute value

of the slope of log input amount vs. DCt should be
< 0.1. The curves obtained passed this test. We then
proceeded to analyze samples and calibrator in tripli-
cates and in parallel for SMN-ex7 and Rnase P.
The copy number of the SMN1-ex7 test locus was
given by the DDCt formula.

We could clearly distinguish three groups of samples:
1) in homozygous deleted patients there was no amplifi-
cation with SMN1-ex7 probe and primers, while there
was amplification with RNaseP and the value derived
from comparative DDCt method was 0.005 ± 0.010
(range 0−0.015); 2) in hemizygous samples there was
amplification with both SMN1-ex7 and RNaseP and
the DDCt value was 0.354 ± 0.124 (range 0.23−0.48);
3) in all normal samples the DDCt value was 1.184 ±
0.440 (range 0.75−1.62). No overlap in 2−DDCt values
was revealed (Table 2). The reproducibility of this
method was checked in 10 independent PCR reactions
on 10 different days.

4. Discussion

The diagnosis of SMA is based on the detection of
a homozygous deletion of the SMN1 gene. Both mole-
cular tests available until now (PCR followed by
digestion and denaturing high-performance liquid
chromatography analysis) are unable to detect hemi-
zygous absence of SMN1, which characterizes the
healthy SMA carriers. In the present study, we per-
formed an assay based on real time quantitative PCR
[9,10–12] using the comparative Ct method (DDCt).
By this method, we were able to calculate the gene
copy numbers based on a Ct value, rather than stan-
dard curve method. Our method overcomes the limit
of starting amount of DNA, because a little variation
in starting DNA concentration may have a dramatic
effect on the amount of PCR product and it can lead
to a misinterpretation of data.

The real time PCR is based on the 5’ exonuclease
activity of the Taq DNA polymerase to cleave a dual
labeled fluorogenic probe specifically hybridized to the
DNA target. The SMN1-ex7 probe was labeled with a

Table 2
DDCt values in examined samples

Subjects Mean ± SD Minimum Maximum

Spinal muscular atrophy patients 0.005 ± 0.010 < 0.015 0.015
Spinal muscular atrophy carriers 0.354 ± 0.124 0.23 0.48
Normal controls 1.184 ± 0.440 0.75 1.62
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reporter (FAM) and a quencher (dark) on 5’ and 3’ end,
respectively. After TaqMan probe annealing, the proxi-
mity between the reporter and the quencher results in
extinction of reporter fluorescence, due to fluorescence
resonance energy transfer. During PCR amplification,
the probe is cleaved releasing the reporter and resulting
in fluorescence emission. The intensity of fluorescence
increases at each cycle, proportionally to the amount of
target DNA formed [11]. Further advantage of the DDCt
comparative method is that, it does not need a standard
curve, which can increase throughput because wells no
longer need to be used for the standard curve samples.
This also eliminates dilution errors made in creating the
standard curve samples. All samples were prepared in par-
allel for SMN1-ex7 and RNaseP and tested in triplicate in
order to evaluate the degree of accuracy of manual work.
Our data lead us to identify three different groups:

SMA patients, healthy controls, and, more impor-
tantly, SMA healthy carriers. This finding is very
relevant for genetic counseling because of the high
incidence of healthy carriers in the population. As
for the previously described methods, this applica-
tion has limitations. It is possible to miss the healthy
carriers in two situations: when the healthy carriers
have two copies of the SMN1 gene on the same
chromosome (4.8%), as well as in case of intragenic
mutations (1.7%) [13,14]. In both situations, the per-
centage of individuals concerned is very low.
In conclusion, this method, even if it requires speci-

fic equipment, is fast, reliable, highly sensitive and
specific for detection of SMA carriers, which is not
possible with other routine methods.
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